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摘  要 
阿兹海默氏症 (Alzheimer’s disease, AD) 或称脑退化症、阿尔兹海默病、老
年失智症等，由德国精神病学家和病理学家爱罗斯·阿兹海默 (Alois Alzheimer) 
于 1906 年发现并因此得名。阿兹海默氏症的致病过程与淀粉样前体蛋白 
(Amyloid precursor protein，APP) 解离的含有 40或 42个氨基酸的淀粉样多肽 Aβ
的错误折叠密切相关。淀粉样多肽从淀粉样前体蛋白中裂解产生后由分泌小泡分
泌至细胞外，并发生折叠聚集，对神经细胞造成损伤，从而直接导致疾病的发生。
































第五章：将 SiO2壳层 (约 5 nm) 包裹于银纳米颗粒，在保证拉曼增强效应
的基础上，有效消除银纳米颗粒对蛋白质氨基侧链乃至二级结构可能的影响，采
用共聚焦拉曼光谱跟踪 Aβ聚集过程中二级结构的变化。同时，采用硫磺素 
(Thioflavin T, ThT) 特征荧光、原子力显微镜等手段与拉曼光谱进行联用，建立
拉曼指纹区信号与 Aβ多肽聚集过程的实时关系。 
 


















Investigations of the Aggregation Mechanism of Amyloid-β 
Peptides Using Single Molecule Spectroscopy 
Alzheimer’s disease (AD) was first described by German pathologist Alois 
Alzheimer in 1906. AD is the most common cause of dementia and one of the major 
hallmarks of the Alzheimer’s disease is the progressive deposition of Aβ protein 
fragments into β-sheet rich amyloid fibrils in excellular neuron cells. The Aβ protein 
fragment, cleaved from the amyloid precursor protein with β- and γ-secretases, is 
constituted of 40 to 42 amino acid residues. So far, extensive studies on Aβ have 
indicated that the most neurotoxic forms of Aβ aggregation forms are small oligomers, 
protofibrils, Aβ derived diffusible ligands and heterogeneous globular species, rather 
than the Aβ fibrils in the late aggregation stages. Further more, metal ions, such as 
copper and zinc, have been implicated in the pathogenesis of Alzheimer’s disease 
through a variety of mechanisms including increased amyloid-β affinity and redox 
effects.  
The exact mechanism of the Aβ (together with metal ions) aggregation process 
remains unclarified. In this thesis research, we applied multiple ensemble and single 
molecule level investigations to characterize the aggregation kinetics and secondary 
structure change of Aβ in the absence and the presence of Cu2+ or Zn2+.  
The thesis consists of five chapters: 
Chapter 1 briefly reviews the history of the discovery of Alzheimer’s disease, 
molecular structure of Aβ proteins and their aggregates, together with the research 
progress with respect to the aggregation mechanisms of Aβ, and the inhibitors and 
possible treatments of Alzheimer’s disease. The main objectives of this thesis are 
outlined. 















spectroscopy (FCS).  
In chapter 3, we applied FCS to investigate the aggregation kinetics of Aβ(1-42) 
with both the discrete data fitting model and maximum entropy fitting model. We 
constructed the appropriate FCS evaluation model for heterogeneous aggregation 
systems such as the Aβ aggregates. 
In chapter 3, we applied both ensemble average measurement such as circular 
dichroism spectroscopy, intrinsic tyrosine fluorescence, TEM and FCS at single 





at different concentration. A theoretical model was proposed to describe 




 with Aβ(1-42) peptide.  
In chapter 5, we applied SERS to Aβ (1-42) peptide at micromole concentration 
and monitored the aggregation process together by thioflavin T fluorescence assay 
and AFM images. To eliminate possible interference from the binding of silver 
nanoparticles (AgNPs) with peptide amine groups, we coated the AgNPs by an ultra 
thin shell of silica (ca. 5 nm), following a published procedure. Comparing the 
thioflavin T fluorescence intensity with related SERS frequency, we were able to 
identify specific Raman frequencies of Am III Raman bands at different stages of the 
Aβ aggregation.   
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第一章  前  言 
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第一章 前言  
1.1 阿兹海默氏症简介 
1.1.1 概述 
阿兹海默氏症 (Alzheimer’s disease, AD) 或称脑退化症、阿尔兹海默病、老




































Figure 1.1 Comparison of a normal brain (left) and a brain with Alzheimer’s disease 
(right). Reprinted from Wikipedia. 
1.1.2 淀粉样多肽的产生、沉积及神经毒性 
1984 年，Glenner 与 Wong 等人在唐氏综合症患者血管中首次分离提取出 4 
kDa大小的淀粉样蛋白 Aβ (amyloid-β) ，并完成蛋白测序工作[9]。同时，他们还
提出了阿兹海默氏症与 21 号染色体具有遗传联系的假说。后续研究表明，淀粉
样前体蛋白 (amyloid precursor protein, APP) 变异基因确实与 21、14 号等染色体






两种裂解方式，如 Figure 1.2 所示：β 及 γ型分泌酶连续水解 APP 产生易于自聚
集的 40 或 42 个氨基酸残基的淀粉样多肽 Aβ，称为淀粉样水解途径 
(amyloidogenic pathway)；α型分泌酶水解Aβ序列中 16-17位氨基酸之间的位点，
且产物并不发生自聚集，称为非淀粉样水解途径 (nonamyloidogenic pathway)[20]。



















Figure 1.2 Mutations in APP associated with Aβ-production and expression and AD. 
Copyright 2001 The American Physiological Society. Secretases are indicated in blue, 
with cleavage sites arrowed. APP sequence numbers are shown in red, and Aβ 
sequence numbers are shown in purple. Mutants are indicated with green letters. 
Aβ 的神经毒性主要是针对神经细胞而言，对其他细胞并不具有毒性。
Aβ(1-42) 与 Aβ(1-40) 能够阻断神经细胞突触可塑性中的长程增强效应 
(long-term potentiation)[23, 24]。同时，转基因小鼠编码突变的 APP 蛋白基因后，
其神经细胞中发现突触及树突棘的缺失。在淀粉样蛋白沉积出现之前，已经可以
发现脊柱缺失及突触前终端密度的降低，这间接说明了 Aβ 寡聚体 (oligomer) 或







胞，然而小神经胶质细胞与 Aβ 的关系目前尚未定论[29, 30]。Aβ 纤维激活小鼠
小神经胶质细胞的酪氨酸激酶，产生神经毒性的分泌物、促炎症细胞因子以及氧
化自由基；Aβ导致单核细胞与小神经胶质细胞产生的细胞因子 TNF-α与 TGF-β1
目前被认为是 Aβ 神经毒性最广泛的来源[31, 32]。另一方面，Nagele等[33]报道
小神经胶质细胞可能促进可溶性的 Aβ 寡聚体转化成 Aβ 纤维；同时作者也强调
了星形胶质细胞在清除 Aβ 碎片中的重要作用。 
锌金属蛋白酶“胰岛素降解酶” (IDE) 与 Aβ 单体形成稳定的复合物，然而
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